The granules polarize, clustering behind and around the to be killed. Despite the fact that some variation in the MTOC and Golgi complex ( Figure 2C ). The MTOC and time taken to kill targets was seen between CTL derived Golgi complex shift closer to the contact site, and the from different strains of mice, the results described granules align tightly with the contact membrane on the above were remarkably reproducible. Granules consisother side of the MTOC/Golgi complex cluster (Figure tently focused toward a point at the contact site where 2D). Figure 2E shows the dramatic decrease in the total an indentation appeared in the target cell membrane. fluorescent signal given using antibodies against granule content in tightly polarized cells compared with unTalin Accumulation Precedes Granule Polarization polarized cells (Figure 2A ), consistent with the secretion We previously showed that in CTL-target cell conjugates of granule content during target cell killing. in which the granules were polarized, talin was present To study the relative time scales of granule polarizain a ring-like structure at the contact site membrane, tion and markers of synapse formation, we looked at suggesting reorganization of membrane proteins was the distribution of talin at different stages of granule occurring along the contact site (Stinchcombe et al., polarization ( Figures 2F-2J ). In the absence of P815 2001). In order to establish the relationship between targets, antibodies against talin give a very weak cytogranule polarization and reorganization at the contact solic staining with very little signal associated with the site, we examined conjugates for markers of polarization CTL membrane ( Figure 2F ). However, significant and synapse formation. CTL and P815 target cells were amounts are recruited to the cytosolic face of the memmixed and plated onto microscope slides for 30 min, a brane across the contact site upon interaction with tartime which allows the cells to adhere and significant get cells and before either the CTL MTOC or granules numbers of CTL to find their targets. Conjugates were have polarized ( Figure 2G ; 8% of conjugates). This memthen fixed and stained with antibodies against the solubrane-associated talin is rapidly reorganized into a ringble lysosomal hydrolase cathepsin D, the cis-Golgi 58 like structure, and occurs after MTOC but before granule kDa protein (p58), and tubulin, to identify the granules, polarization ( Figure 2H ). In 17% of conjugates, the cenGolgi complex, and microtubule cytoskeleton, respectral hole lacking talin is very broad and the granules tively. Since CTL encounter their targets at different are unpolarized ( Figure 2H ). In 65% of conjugates, the points during the 30 min incubation, different cells within granules are polarized and the talin hole is narrower a single sample are trapped at different stages of inter-( Figure 2I ). Interestingly, the size of this hole varies beaction and granule polarization. These stages are shown tween conjugates ( Figures 2I and 2J) , and may reflect in Figures 2A-2E Low levels of Lck are already associated with the CTL plasma membrane before interaction with a target, while PKC-is entirely cytosolic (data not shown). However, high levels of both proteins become concentrated at the contact site upon target cell recognition, where they form a sharp, distinct patch within the CD11a adhesion ring (Figures 3G-3L) . The phosphatase involved in the activation of Lck, CD45, is largely excluded from the immunological synapse (Figures 3M-3O) .
Overall, the arrangement of proteins at the CTL synapse resembles that described for CD4 T lymphocytes, with proteins involved in TCR signaling forming a central cSMAC within a pSMAC containing the adhesion molecules. However, two subtle differences are observed. First, in all cases, the patch of signaling proteins at the CTL contact site membrane is asymmetric and concentrated to one side of the hole in the LFA-1 ring, leaving a gap between the signaling and adhesion protein domains (e.g., Figures 3I and 3L ). This gap is consistently seen with all the signaling and adhesion molecules tested. Second, significant, but lower levels of PKCare also present in the pSMAC (Figures 3J-3L ). Very little PKC-is observed at the membrane outside the contact site. One interesting point is that while antibodies can gain access to proteins within the contact site of fixed conjugates, those which are known to block interactions in vivo (e.g., blocking antibodies to CD18; data not shown) cannot do so.
Granule Secretion Occurs between the Signaling and Adhesion Domains
To determine where granule exocytosis was occurring (Figure 5D ). Interestingly, granules line up with the contact suggest that the synapse structure may play a role in secretion. They also indicate that signaling protein orgasite on either side of the Golgi complex but are usually excluded from the region immediately opposite the nization is maintained during granule exocytosis and therefore that the signaling and secretory functions of MTOC (e.g., arrows in Figures 5D and 5E ). In conjugates where the granules are tightly apposed to the plasma the CTL can occur separately and simultaneously. membrane, gaps are seen between the two cell membranes immediately opposite the sites of granule alignGranules Secrete at a Cleft between the CTL and Target Cell Membranes ment ( Figure 5D , arrowheads), and in some cases, the granules appear to be releasing their content into these Our studies suggest that the granules move to a specific domain at the contact site for exocytosis. What defines gaps ( Figure 5E ). The areas of CTL membrane with no aligned granules directly opposite the MTOC and Golgi this as the site at which secretion occurs? To investigate events at the contact site in more detail, CTL were incucomplex and either side of the site of the clustered organelles remain in tight contact with the target cell bated with fluid phase HRP overnight to load the secretory lysosomes, and then mixed with P815 target cells, membrane. Sections taken below the area of membrane interaction opposite the MTOC reveal that these gaps fixed, and analyzed by electron microscopy. In the absence of P815 targets, the centrioles of the CTL MTOC are part of a large "cleft" between the two otherwise tightly associated cell membranes, which often appears are in the central, perinuclear region of the cell surrounded by elements of the Golgi complex ( Figure 5A) .
as an indentation in the target cell membrane (Figure During these studies, we made two unexpected but related observations. First, in both live (Supplemental granzyme A and cathepsin D can be detected within these clefts, we often find that they preferentially label Movie S1) and fixed cell studies (Figure 7 ) using P815 target cells expressing pEYFP-mem, we frequently obwith antibodies against granzyme A rather than cathepsin D, even though the granules remaining within the served that pEYFP-mem extends from this point over the CTL cell surface ( Figures 7B and 7C and, especially cell may contain both markers (e.g., Figure 6C ). Together, these observations support the idea that the strikingly, in Supplemental Movie S1). In addition, pEYFP-mem can also be seen in isolated CTL, sugcleft represents the site of granule exocytosis and additionally suggest that the granule content accumulates gesting that the protein expressed by P815 has been transferred to CTL ( Figure 7A ). Intriguingly, these CTL there before entering the target cell. Interestingly, clefts are also observed between the two cell membranes often have decreased levels of granule content marker, suggesting that they have already released some of their when target cells are conjugated with CTL from ashen mice, which lack the small GTP binding protein rab27a granules. In order to determine whether the transfer of membrane proteins is bidirectional, we stained conjuand are unable to secrete their granule content (Stinch- gates with antibodies to the MHC class I specific to the H2Dd is acquired by CTL, CD8 is not transferred to the target cells. Figures 7E and 7F show two confocal target, H2Dd (Figures 7D-7G ) and CD8 specific to the CTL (Figures 7E-7G ). These studies revealed that while sections through the same pair of cells after a 2 hr 
Figure 7. As CTL Detach, Membrane Transfers from the Target to the CTL and Membrane Bridges Are Observed between the Two Cell Membranes (A-F) Confocal images showing CTL after detachment (A) or in the process of detaching from P815-pEYFP-mem (B-D) or P815 (E and F) target cells, fixed and labeled with antibodies against cathepsin D (blue) and Lck (red) (A-C); granzyme A (red) and H2Dd (blue) (D); H2Dd (red), CD8 (green), and cathepsin D (blue) (E and F). All cells were conjugated for 30 min except for in (E) and (F), which were incubated for 120 min prior to fixation. (B) and (C), and (E) and (F) represent two separate section planes through the same pairs of cells. (G) A conjugate is shown formed between two CTL labeled with CD8 (green), H2Dd (red), and cathepsin D (blue). The granules in the upper cell are polarizing toward the lower cell with H2Dd at the interface. (H-K) Semithin ‫001ف(‬ nm) stained sections of CTL loaded with HRP to label the lytic granules and in the process of detaching from their targets are shown. Note the disorganized arrangement of the organelles and the absence of LG from the contact site in the detaching CTL (H). Additional examples of sites of membrane:membrane fusion on CTL-target cell detachment are shown in (I-K). (J) is a higher magnification of (I). m, mitochondria; n, nucleus; G, Golgi complex. The scale bars represent 4 m in (A-G) and 250 nm in (H-K).
conjugation. These images reveal long processes exmagnification over a range between Ϫ45Њ and ϩ45Њ confirms that the two cell membranes are continuous at tending from the target to CTL, with H2Dd tightly associated or incorporated into the plasma membrane of the these points (data not shown). Fusion of the CTL and target cell membranes appears to occur independently CTL. Remarkably, conjugates can also be found between two CTL with H2Dd at the interface and the granof granule exocytosis, since it is also observed using CTL derived from patients with genetic defects preules of one CTL polarized toward the other (Figure 7G ), suggesting that acquisition of H2Dd is leading to CTL venting secretion. For example, in CTL derived from patients with Chediak-Higashi syndrome, in which the recognition by CTL (fratricide).
The second observation was from EM images of congranules can polarize but are unable to secrete their content (Baetz et al., 1995) , membrane fusion is also jugates that were in the process of separating. These cells can be identified because the MTOC and cytoobserved at the immunological synapse (J.C.S. and G.M.G., unpublished data). This data raises the possibilplasmic organelles in the CTL are not tightly polarized toward the target cell but have a random and disorgaity that the transfer of both pEYFP-mem and H2Dd from the target cell to the CTL may occur by transfer of memnized arrangement, and the two cell membranes are largely separated (Figures 7H and 7I) . However, some brane at these points of fusion. points of contact remain, and high magnification images of these contact sites ( Figures 7J and 7K) Given the potency of the ule secretion has been described. In this paper, we show that, despite the rapid killing of targets by CTL, an immulytic proteins perforin and Fas ligand, this is likely to be important in limiting exposure of these proteins to the nological synapse is formed between the two cells. The granules are secreted at a specific site within the adhetarget cell recognized. Second, the granules polarize and dock at a specific site defined by a cleft between sion ring, distinct from the signaling region of the immunological synapse. Granule polarization and secretion the otherwise tightly apposed membranes of the two cells. Curiously, the cleft seems to be formed by indentaoccur opposite a cleft, which is formed by indentation of the target cell membrane. Our studies also reveal that tion of the target cell membrane (Figures 1D and 6) . shows that only a proportion of the LysoTracker-labeled granules needs to be released in order to initiate signs lysosomal proteins CD63 and Fas ligand within 5 min (Bossi and Griffiths, 1999) support the idea that these of target cell death (Supplemental Movie S1). This suggests that only a small number of granules need to secretory organelles are present in CD4 cells. Interestingly, the CTL synapse differs from that described for release their contents in order for a CTL to kill a target. We frequently observe the same CTL going on to kill an NK cell receiving a negative NK receptor signal where the adhesion molecules appear to be surrounded by the subsequent targets. This indicates that CTL can then go on to establish new contacts, and polarize and resignaling molecules (Davis et al., 1999) . It remains to be seen whether the NK synapse adopts a CTL-like lease the content of further granules in order to continue killing. structure upon receiving a positive signal which causes granule secretion.
Perhaps the biggest surprise of these studies was what happens at late stages of CTL killing. We observe By comparing the degree of granule polarization and synapse formation by both light (Figure 2 ) and electron both transfer of membrane proteins from the targets to CTL and direct membrane fusion between CTL and tar-( Figure 5 ) microscopy, we have been able to order these events relative to one another. It should be emphasized get at the area of contact. Our finding that isolated CTL carrying membrane proteins of the target cells are obthat the CTL used are an allogeneic cell line (generated after three rounds of stimulation in vitro) and the conju- 
